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ABS’J’RAC’1’
Arcjc[  and ion propulsion csffcr  potentially sigyifican[  rcductirrns
in the mass of propulsion syskms required for l;ar(h mbiting
sa[cllitcs and planetary spacccfaft. Itrr this reason, lhcy have
been tbc subject of validation and dcnmnstralion pro~; ares. Af[cr
cxalllir~ir~g thct>cr]cfits ofclcctric  pr<Jptllsic)[~,  tl~isl)a[>cr clisc~]sscs
tbc (cchnology base for the l;lcctric  propulsion Space l;xpcl  imcnt
(IiSIX) alcjctdcnwrstratirsnc  xpcrin~cnt  rrndthc  NASA S10’
“1’cchnokrgy Application Readiness (NSJ’AR)  ion propulsion
validation program. As parl of the Advanced Research and
(ilrrbal  Obscrvatirm Spacecraft (ARGOS), IiS1:.X will perform
Icn 15-nlinfiring srrfa30-k Wamnmliaarcjct.

'l'hc N:ilior~al Acror~aLlticsand Spacc Aclr]~iIlistratic,r~ 's(NASA's)
validation program, NS’I’AR, consists of two major clcmcnts: a
g?round-test clctncnt and an in-spacccxpcrimcnt.l’hc  ‘#OOIK-lCSt

ckvncnt will valicla[c the life, intcgrability,  and pert’rmnancc of
ksv+pcrwcr  ion propulsion. I’hc  ir]-space clcmcnt will clcnmn-
stratc lhc feasibility of inlcgmtirrg  and flying an ion propulsion
systcm. “1’hc cxpcrimcnt  will rncasurc the interactions among the
ion propulsion systcm, the host spacecraft, and the sunounding

space plasma; and it will provide a quantitative asscssmcn[ Of the
al~ility of plound  tcstillg  to replicate t}lc in-s}urcc pcrfor[]~ance C)f
ion thraslcrs. By involving, inctusrry in NS’1’AR, a cmnrncrcial
s(mrcc for this tcchnolog,y will be cnsulcd. l:urlhcnnorc,  Ihc
successful colnplction  of the NS’I’AR validation plogtarn w’ill
stimulate commercial and grrvcrnrncnt (both civilian and n~ili-
tary) uses of this technology.

1 IN’lROI)UC’J’JON
in an cft’ort to inclcasc the payload fraction of satcllilcs and
planetary probes, rcducc the cost (i.e., si~c) of launch vchiclcs,
cx{cnd the life of satellites, and rcducc the duration of plane[ary
missions, two programs have been initiated to dcnmnstlatc and
validate electric propulsion. One program, sponsored by the
(Initcd  States Air Ikrrcc Matcricl  Command, will dcrnonstmtcthc
(cchnology associated with high-power arcjcts. ‘J’hc other, spon-
sored by the LInitcd States National Ac]rmauties and Space
Adn~inistratim~ (NASA) will validate the technology awociatcd
with lmv-pmvcr  (<5-kW)  ion propulsion technology.

Aftct  a brief, qtrantitativc  clcscriptim  ofthcbcncflts  dcrivcd from
clcct[ic  propulsion technology, this paper dcscribcs the lilcctric
propulsion Space lixpcrirncnt  (liSliX) and NASA Slil’ Technol-
ogy Application Readiness (NST’AR) validation programs.

2 I M1’OJt’J’ANClt 01{’ liIIX’J’ItlC 1’1/0}’(11 SON lK)N
hll IX1’Al/Y hlISSIONS

2.1 Military Needs
Advanced propulsion tcchnoksgy for military occds dots not
diffcrin kind from tha[ forcmnmcrcial  and NASA spacccmft, but
i[ does dift’cr in dcgrcc. Jkrr any satellite, it is desirable to rcducc
the mass of the cm-board propulsion systcm  to increase the

functionality of the satellite. In addition, incrcascd propellant
efficiency (i,c., higher specific irnpulsc) can bc used to carry
a(iditional  propellant, thereby extending satellite life or increas-
ing the scope of work done by the propulsion systcrn,  e.g.,
rcprrsitirming.

lfirlcrcasc(l  satellite c:tl)at)ility vcrc[lcsirc(l, usirlgi orlr Jr(Jr)Lllsiorl
instea(i of chcmic:il  propulsion would incrca$c the mass that
could then be used for addition:il  payloa(i. l;m cxatllplc,  a crm~-
mcrcial cmnnlunicaticrns satellite could usc this a(i(iitional  mass
to increase tllc number of transponders can icd by the satellite. (h
a military satellite crsuki usc the incrcascd mass to cnhancc
col]]rr~ur~icatiot~s capabi]itics by flying larger aperture antennas.

“1’o rcciucc the cc)st of a space mission, it is cicsirablc to usc the
srnallcst launch vchiclc possible. Because ion propulsion can
rcducc the mass of the required m-board  propulsion systcn]
dmlnatieally,  it may bc prrssib]c in sornc cases to combine ion
propulsion for owboard  usc with an ion propulsion nmiulc for
knv-lkrth mbit (1 .Ii[))-to-gcc)sy rlchrc)rlolls Iiarth  orbit (GIiO)
transfer anti rcciuec the launch vci]iclc  si7c rcqui[ccl for a given
sp:iccer aft capability from a “1’itan to all Atlas.

2.2 Hcnctits

?.i’. 1 Sfolim A’rvping
Station kccping ofa CiliO satellite rcquircs49  nl/sccAV  annually
for m [1)- south station keeping an(i 2 rnjscc AV anljually  forcast
west station keeping. ‘1’hc Iargcr the satellite an(i the longer it
rcn)ains in orbit, the rnorc cfficicnt  the on-hoard propulsion
systcm  must be in its usc of propellant. ‘J’hc nlcasurc of this
efficiency is specific impulsc(l~p). Ckmparcd toon-boardchcn]i  -
cal systems, electric propulsion incrcascs  ISP by factors of 2 to 4
when using arcjcts ami of 10or more when ion propulsion is usc(i.

“lo obtain these hcncfits with clcct!ic  propulsion, the propulsion
Syslcnl  dry mass must bc rncreascci. “]’his incrcasc in dry mass
requires a propellant con(iitionin.g unit not rcquirccl by a convcm
tional chcrnical propu ls ion systcrn.  ‘J’his incrcascd clry rr~ass
means that the propulsion rcquircmcnt must CXCCCCI  a certain
minimum trcforcclcctric  propuisicrn( icnmnstratesa  pcrforlnancc
advantage relative to chemical propulsion (I:igurc  1).

2.2.2 Rcpo.!ifirminx
Repositioning refers to changing a OliO satellite’s longitucic so
that the area cm the I;arth’s  surface can bc viewed by satellite
sensors and antennas. 1~.lcctric  propulsion can accomplish reposi-
tioning  maneuvers mrrrccfficicntl ythan chemical systcrnsan[i in
lcsstimc (I;igurc 2). Bccausc clcctricpmpulsion  uses less propel-
lant during a satellite rcposi[ioning  performed at a specified rate,
electric propulsion can chtcnci a satellite’s Iifc and rcducc the wet
maw required for the propulsion system. “l’his point is rnadc in
l;igurc  3, in which the wet mass of the omboard propulsion
system ncc{ie(i for station keeping anti for a 90-dcg, 30-clay
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F“igure 1. Comparison of station-keeping performance of chemical, arcjet,  and ion propulsion.

Atlas II AS (1 ,787 kg in GEO)
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Figure  2. Propellant mass versus repositioning rate for a single 90-deg  reposition.
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reposition of a G1Y3 satellite with an initial mass in CTI;O of

Chemical ,+,+’? 5,000 kg and a life of 10 years is shown forchcrnical,  arcjct, and
ion propulsion systems. Figure 4 shows a comparison of propul-

. . . . . . . . . . . . . . . . . . .,+; .++!. ?.... . . . . . . . . . . . . ,., ,,,,
#

sicrn systems calculated for I}clta-,  Atlas-, and T’itan-class pay-
+:,+’ ~ loads as a function of on-orbit lifetime for as long as 15 years,

A’e : assuming two 90-clcp,/30-day rcpositirms per year. Naturally, the
#’~’; ~ Arcjet ;

.*? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ..! . . . . . . . . . .*.7. larger the satelli[c and the longer it remains in orbil,  the larger the
● * ;:** total irnpulsc required and the more advantageous the higher● ;● **● -:-s j specific impulse that electric propulsion systems can provide.

-;.0.*
,m. m ; Maximum Rate Li~~ited By

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . We assurnc that it is more important to increase the nurnbcr of
[ Ion> Avadable Power ; spacccraf[  maneuvers than it is to increase rnancuver  speed. This

increase in rnancuvcrs incrcascs satellite life and operational
flexibility. (rrrrcntly, chemical systems notninally  cany  suffi-
cient fuel for three 180-dcg maneuvers. Five-clcg/day maneuvero 2 4 6 8 10 rates arc nominal, and 15-deg/day rates are reserved for crisis

Repositioning Rate (deg/day) maneuvers. ‘l’he mass of the chemical propulsion systcm (fuel and

Figure 3. Repositioning performance comparison
dry mass) is calculated for a range of spacecraft maneuvers at

(for 10 years).
different rates. System masses for ion ancl arcje[ systems (includ-
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Figure 4. Station-keeping and performance comparison for chemical, arcjet,  and ion propulsion.

1 able 1a, Assumptions for calculations of electric propulsion performance.
—.. —.. .—

Syslcm Mass, Specific lmprrlsc, ‘lank  l’rtrctirm, I;fllcicncy,
I{asis lb~ sec/ltln, Y< 9>

-— .—

Chcn)ical }%opulsicrn, I)ry Mass o kg 220 10 NIA
ArcjcI  lhopulsirrn,  Specific Mass s kglkw 7(KI 10 35
Ion Propulsion, Spcciflc  Mass I o f@kw 3,500 10 70

—— .— -——

Table 1 b. Spacecraft characteristics.
.—

Spacccraf( Mass, Solar Anay  Spcciflc Mass, Spacecraft Pov.,cr,
kE, I@kw kw

— .

909 20 1,2,3
2,270 20 1,5, 10,30
4,s50 20 5, ](), 20, 30

N[)l’li: hfancuvcr  = 180 dcg at 5 dcg/day; the number of nlancrrvcrs pcrforlncd  by a chcrnical systcm = 3; the
clcc[ric  propulsion system wet mass was set equal to that of the chemical sys[cm.

inp solar anays) arc set to equal the chemical system mass. l’hc
fuel mass component iscalculatccl, and the numbcrrrfmaneuvers
is found and cornparcd to that of the chemical system.

l;or a given power, electric propulsion can perform a mngc of
manctrvcrs dcpcndcnt cm fuel consumption. Maximrrmmarrcuver
rate occurs at n~aximum fuel consumption, i.e., when the thrusters
arc operated continuously. I’hcrcforc,  for a fixed power, the rim
can bc incrcascd by increasing thruster on-time at the cxpcnsc of
the fuel mass pcr move. Also, the maneuver rate can bc increased
by increasing power to the thrusters, which increases the solar-
antiy  mass ancl clccreases the total fuel that can lx carried. Ilus,
for a given rnancuvcr rate, there is a power level that minimizes
fuel mass pcr nmvc and maxin~i7,cs the number of maneuvers. As
an example, consider two cases in which 1 ) the solar array is part
of the electric propulsion system and 2) the solar array is not part
of the electric propulsion system. For this analysis, the assump-
tions shown in I’able 1 (a, b) were made.

“Jhc results of these analyses are shov,n in I’able 2, in which the
power rcquircrncnts for the smallest spacecraft considered are a
modest 1 to 2 kW. An ion engine that carries i!s own power can
execute two to three times the number of manuevcrs than a
chemical system can. If the ion propulsion system is not charged
with the power mass, the number of rnancuvers incrcascs by a
factor of 10 over chemical. I Iowcvcr,  1 to 2 kW is not enough
power for an ion propulsion system to execute a crisis
rcspositioning, of 15 deg/day.

For the 2,270-kg spacecraft, the power requirements are 1-S kW.
Ilc ion engine increases the nurnbcrof  maneuvers by a factor of
up to 10 over chemical propulsion. If the spacecraft has 10 kW of
power, ion propulsion provides 1 S dcg/day maneuvers. T’hc arcjct
requires 5 kW.

In the case of the 4,550-kg spacecraft, the power requirements arc
5-10 kW. When t}~c ion en~inc carries its own pcwver, it prcwidcs
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1 able 2. Power requirements for arcjet and ion propulsion systems with spacecraft masses of

909 kg, 2,270 kg, and 4,550 kg.
. . . . . ——.—— .——..

Atcjct lm~ I’tofrulsion

spacccl  aft Rcposititrrr With ArIay No Arlay With Army No Anay Plop. Wd
Mass, Rate, Mass, Jig
kg dcg/da y Number Po\vcr, Nunlbcr l’wm, Number Power, Number }’owcr ,

of Mows kw of Moves kw of Mo\,cs kw of Moves kw
.—-. —— .— .- —.—. — . — — .

s 3 1 7 I 9 1 26 1 ~g

909 10 5 1 6 1 7 2 24 2 7ti

15 4 2 6 2 I’oucr  1 .imitcd Pmvcr 1 .imitcd 117

5 5 1 7 1 2? 1 ?g 1 98

2,?70 10 3 5 6 5 7 5 24 5 j g~

]5 4 5 6 5 Pmvcr 1 .imitcd 20 I o 294

5 3 5 7 s 8 5 26 5 197

4,550 10 5 5 6 5 x 10 24 I o 392

15 4 ] () 6 1(J Power 1 .imitcd 20 20 $iWi
—- — __—. _— . ———.—

t\\,icc asl)]:tny tllar~covcrsa sacl}ctl~ic:il  propulsion systcm. When allou’  a GliO salcllitc  10 carry an antenna larger than 10-rn
(1IC ion engine dots not call y its mvn pmvcr, the rrurnbcr of
]nancuvc[s inc!ca<cs  by a faclor  of 9 over chemical propulsion.
With 20 kW of prswcI availatrlc, the ion propulsion engine
pjo\,idcs  1 S dcg/day mancuvcts.  l’hc arcjct requires 10 kW.

?.?..1 (’ott!ttiflllic[{ti[)ri.v
Altct  nalivc}y, the rcduct ion in W’CI mass of Ihc propulsion systcm
can bc used 10 incrcasc lhc functional capability of the satellite.
As an cxamplc,thc si~cof an anlcnnathat can bccarricdbya[ilio
satcllilc  can be estimated [0 dctcrlninc  if a larger antenna can trc
canicd.  As a starting point, the nol~-~>rc)~>l)lsiol)” mass of a G]{()
satc]litc having a chctnical,  on-board propulsion systctll capab]c
of pcr Iorming not [h south and cast- west slat ion keeping and two
90-dcg/30-day rcposilirms pcr year for 15 years was calculated.
‘1’his r~oll-[~rc)[)tllsiol~  mass ~’as lakcn to be a measure of the
satellite’s func[icrnal capability, its “func[irsnality,”  and was held
collst;int to ensure that the satellite’s capability u,as not ccm]pro-
nliscd, Added to this payload mass vas the mass of the ion
propulsion systcm required for [hc sarnc station-kccpirrg and
rcprrsitionin.g functions dcscribcd above for a c}]cmical proprrl-
sioll systcm. ‘1’hc diflcrcncc  bctu~ccn this sum and the mass that
could be placed in GIiO  by the launch syslcm was calcula(cd for
each ycarofthc  satellite’s Iifc, and thcdiamctcrof  a rigid antcnrra
havinp a mass cclaal to this difference v.ras cs(imatcd, ‘1’hc results
arc shown in J:igurc S for l’itan and Atlas launch vchiclcs.

‘l”hc scaling cquatimr for the antenna was

Mass (Antenna) = 4.7471) - 4.61 1)2+ 1.793 1)3
1}= Antenna JJianlctcr (tn)

‘I”hc results sho~m in h’igurc 5 indicate that ion propulsion wmlcl

dialnctcr  (3’itan launched) or 7-nl cliamctcr (Atlas launched) and
still retain a long m-orbit Ii fctirnc.

?.?.4 Orbil 7tfrn.rfcr
Significant savings can be rcali~cd if electric propulsion can
rcduccthc initial rlIass(~fa  CiIiC)satcllitc srrthal it can bc hirrnchcd
~’ith a smaller launch vchiclc ~,ithout changing tbc functionality
of the satcllilc.  Jiigure 6 show that the current pcrfcrrmancc of
both ion and arcjct propulsion systems dots not adcqrtatcly
rcducc mass. I’hc (Iucstion then arises, ~,hat Jl:.Oto-CTJ;O trans-
fcl tirnc Would be required if, in addition to ct[)plrrying an on-
board electric propulsion systcm, an electric propulsion systcm
were used fronl  1 .Ii[) to [i} 0? 1’0 ansivcr this qucslion, WC
assume Ihc following: aCJ1iOsatcllitc with a 15-ycarlifc  rcquirc-
mcnt and an on-board ion propulsion systcm  able to support
rrort}) south and cast- west staticm-keeping rcquircmcnts and IWO
90-dcg/30-day” rcpositirms pcrfrrnncd annually. I’hc satellite also
provides a functionality equivalent to that of a IS-year GJiO
satellite using a chemical propulsion systcm  able to satisfy the
same staticrn-keeping and rcpositionirrg rcquircn~cnts,

I’or this scenario, the mass of solar-powered electric propulsion
transfer mrrdulcs was calculated, We assume tbc systcm  would
usc either an APSA-type solar array with C~aAs solar cells or a
concentltilor  array. For the ion propulsion systcm, the perfor-
mance being validated by NS’1’AR was assurncd; for the arcjct
system, acuricntly  available sys[cm usirlgar~lr~~onia  ~’asthcbasis
for onc set of calculations and an advanced systcm  usirlS Iictuicl
hydrrrgcn vas the basis for the other set of calculations. J@r each
launch vehicle considcrcd, the mass of the satellite \\ ’as subtracted
from the launch vchiclc’s  lift capability to 1.JY3. I’hc rcrnaindcr
wac used for the srslar-prswcrcd electric propulsion systcrn.  ‘1’hc
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Iargcr launch vchicks  would  allow  a higher powered electric
propulsion rnodrtlc and woulcl result in shorter I.FiO-Io-GliO
transfer times. The transfer tirncs ~crc  then calculated and plotted
in I~igurc7; this figure shomsthat today’s ionproprrlsion  could he
used to place a ‘I’itan-l  V class payload into CiEO using an Atlas
or ‘1’ilan-111 launch vchiclc ~’ith a 6-nlonth  to 2-year transfer tinle.
According, to these calculations, the sim  of the launch vehicle

could not & reduced when using arcjct propulsion modules.

Whether the savings in launch vehicle cost and launch campaign
duration out~cigh  the penalty of a lengthy IXO-to-GEC)  transfer
timccan onl y bc ans~~cred in the context of a specific mission and,
consequently, cannot hc discussed here.

“1’hc results prcscrrtecl in Figure 7 assume a constant spacecraft
clcsign technology level. If WIC ccmsidcr the advances associated
~~ith equipment and instruments made by such programs as the
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Space lkfcnse initiative (S111), thcrcsults shown in I’igurc7  may
bc unduly conservative.

3 ltswi

3.1 Arcjct  ‘1’rchnology  lkrck~roond
‘J’hc  Phillips 1.aboratory has been developing arcjct tcchnolr)gy
fm a number of space applications - originally for rnbil  raising,
(IX1;X  and I;lcclric  Irlscrlioll  l’rarlsfcr  I;x[>cri[t]crll (lil,l’1’l;)) and
more Icccnlly  for orbil  rcposilionirrg  (mrrdiflcd  1;[ .1’1’1;).  (IiSl;X
is a fligh[ program t}lat will bc discussed later.) ‘1’hc Iil .I”l’li
progm[t) w,as cancclcd, but the arcjct tcchncrlop,y and rcpcrsition-
ing, application that stcmn~cd from it are worthy of study.

3.2 Arcj~t ‘l’CC]lIIO]Ogy  ])cvcloprnellt  and ‘1’cstin~

.?.?. I .J()-k}+’  Arcjr\
‘J’hc l’hillips 1 ;iboralory  began dcvclopmcnt of 30-kW ammonia
alc’jet tcchnolcrgy in 1984. ‘1’hc Space I)cfcnsc Initia(ivc  contrit]-
ulcd to the project by funding tcc}mology dcvcksprncnt ccntcrcd
on codumncc and pcrfcrrmancc  testing of promising designs. “l’his
wolk wa< the foundation for ~hc IiSIiX arcjct design. Aftcf
changes v.’crc rnadc 10 the cathode, conslrictrrr, and no~zlc, l})c
best designs were ctt[ltlratlcc-lcs[  ccl at 30 kW. “1’hc tests ran less
than 500 hours (\hc goal was 1,S(!0 hours, commensurate v,ith
orbit-raising rcquircincnts).  J’crfrrrmancc testing yielded a spc-

cif]c  impulse of 754 scc and 29% cfflcicncy.  “1’hc primary failure
n~cchanism was cathode whisker growth tha[ shorted the clcc-
hodc g:ip ending rrpcrtitirrn. I’hc  cathode erosion rate sccnlccl to
support 1,5(K) hours of operation (Ref. t ). l{rrckct Research
iitlprovcd  on Ibis dcsi~n in the liSl;X program and dcmrrnshatcd
8 t 5-see spcciflc impulse at 30’;/ efficiency. 1 .ifclimc  v.,as nol
addressed.

.7. ?.2 1()-kW Arcjr!
‘1’hc 30-kW  arcjct was throttled and pcrfrrrn~ance was measured
over a range of powers down to I () kW. Opcrat  ion was stable and
pciforlllancc  wa< acceptable over this range. As prr\vcr v,as
rcduccd, specific impulse dccreascd  and cfflcicncy  incrcascd to
MOO scc and 37%, rcspcctivcly,  al 10 kW, Iil .I’l’li’s maximum
opctatili:,  Icvcl. “J’ww cndurancc tt-sts \\,crc  then pcrfrrrlllcd,  onc
at I ()-kW continuous opcratiort and the other a cycled on/off
opcralion  at 10 kW.

‘1’hc first Icst ended aflcr 1,460 hours of conlinurms opcrirtiort.
‘J’hc computer shut down the test when it ctctccted  a rise in vacuum
tank pressure. When examined, i[ was discovered that the arcjct
tml on nihidc  backplatc had cracked, causing, propellant to teak.
‘1’hc clcctrodcs,  hcrwcvcr, were in cxccllcnt  condition, and there
were no signs of whiskers. ‘1’hc prrintcd port ion of the cathode t ip
was flattened; othcwvisc tbc conical section was fully intact. “1’bc
anode shcw’cd no apparent signs of erosion, and the constrictor
rcgirrn sccmcd trnaffcclcd. I’his  clcnmnstration reprcscntcd 50%
more Ii fctimc t}~an required for }il XJ’E (Ref. 2).

Bccausc the lil .l’J’Ji mission required 540 ontoffcyclcs,  a 1 ()-kW
cycled test was conducted with the arcjct on for crnc hour, off for
one-half hour and rcpcatcd inclcfinitely.  I’hc test ended after 707
cycles bccausc  of vacuum chambcrfacilit y prrrblcms, which were
twlicvcd to bc caused by Ihc arcjct. Rather than dcshoy cvidcncc
by turning the engine cm and risking damage, the test was stopped.
When the en~inc was disawcmblcd,  the arcjcl was found to bc in
good credit ion. ‘l’he thr ustcr displayed 31 % more cycles than

required for] ;I ,1’1’11.  Pcrformancc (specific inlprrlsc, 62(J 640SCC
and thlustci  cfficicncy,  33.S 34.5%) v{a\ ILSV,ICI than ciuring the
continuous test, and the crosirrn rate (cathode loss, 0.31 g) was
higher (J{cf. 3).

Next, the arcjct design v,as modiflcd  and its performance c}]arac-
tcri~cd rrvcr a 3- lo-kW tang,c, which is the operational rmgc
cxpcctcd on Ill .l’J’lias the arttrys pass through the Van Allen belt,
“1’hc cathode gap was s}mr[cncd (fronl  0.240 in. to 0.0S0 in.), and
the constrictor diameter dcctcascd (from O. I SO in. to 0.100 in,).
“1’hc  Jrcst  pcrfrrnnancc dcsi~,n (specific impulse, 600 700 scc and
cfficicncics  glcatcr than 30% over 3 JO kW) was sc}cctcd  and
tested in an intcgrtitcd system tttat simulatc(f the solar array- arcjct
subsystcm being designed frrl };I ,1”1’li,

“J’hc intcg; atcd tcs[-bcd consisted of a solar-arlay simulator and
peak power tracker provided by ‘J’RW, Inc., a NASA 1.cv,,is
Rcscatch Center’s (1 .cRC’S) pmvcr pmccssor unit that pmvcrcd
the elect{ ic thr ustcr, and a Jet 1’1 opulsirm 1 aboratory  (J}’] ,)-
dcsigncd arnnmnia arcjct. ‘1’hc solar-array pmvcr source first
tLlrncd on the arcjct. Oncc the arcjct was ignited, the power to tbc
arcjct wis  raised to the desired ICVCI and opcra[cd at this )CVCI for
a prcdctcrmincd  time. If the pow--l deviated from its maxitnum
va]L]c, it was qL]ickly ccmcctcd by ‘J’J{w’s c]cct]onics. ”J’hcoLltpot
of the so]ar-arl ay power soLlrcc  was then changed, and the process
was repeated uritil  the arcjct systcm  v.,as tested rrvcr a spccifrcd
rtrng,c of infcrcst, which for I;l ,1’I’Ii was 3 10 kW.

‘J’hcsc tests pImIcd proper arcjct ignition and the ability of the
systcm [o operate clcpcndably. When the rrpcrating pow,c~ point
was intentionally moved off its maximum value, ‘J’RW’S clcc-
tlonics  responded within a second to rctum it to i[s maximunl
val Ltc.

3.3 I+;S1;X ]Drogranl lkscription
Cuncntly,  the Air lkrrcc Materiel Cmnrnand’s Phillips l.abcrra-
trsry is developing an arnnmnia-fueled arcjc[ propulsion systcm
that will bc flown as the I{lcctric  propulsion Space llkpcritncnt.
IiSliX is being built by a team consisting of  researchers from
I’RW,  Inc., [)lin Acrospacc Corporation (C)AC), and C’1’A (for-
rmclly I)Sl) (I;igurc  8). 131;X will bcthc  first c)rl-(>rt)i[clc]l]o[lstra-
tion of a high-pmvcr  (30-kW)  arcjct prrrpLllsion sLlbsystcnl. After
100 hours of battery charging, I;S1;X will fire the arcjct propul-
sion sLlbsystcnl 10 tirncs c[ich for a dL]ratior] of IS min (a total of
J50 rein).

.7..7.1 Objectil,e
‘1’hc l’XtiX cxpcrinlcnt  has two major objcctivcs: “l’he first is to
develop a reliable flight arcjct sys[crn and successfully cornplctc
a test firing in space, vc[ifyin~  the systcm’s performance. ‘1’hc
second rrbjcctivc is to gather data on key spacecraft intcgrtrtion
issues, verifying that a bip,h-power arc plasma soL]rcc can operate
withoLlt adversely affecting, a spacecraft’s nominal opcratirms
(Ref. l).

‘J’hc major  hardware cornprrncnts  include a high-pcrwcr  arcjct,

l’owcr  Ccrnditioning Unit (1’CU), and ammonia Propellant I;ccd
SLlbsystCnl (} ’l; S). l’trcsc ccrrnpmcnts m’crc flight-qualified by
vibration tcstir]g, thcrmal-vacLILlr  ntcsting,arlda ]S()-rnin Ii fctcst.
All ccmprmcnts were tested as an integrated systcm  in mdcr to
gather glmrnd-pcrfcmnancc data (Ref. 2). 3Trcsc data will bc
compared 10 the flight performance data, which include thrust,
spcciflc inlpLllsc, and arcjct efficiency. ‘J’hrust will bc derived by
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Figure 8. ESEX flight experiment.
3..7.? IIo,vl Vehicle
liS1iX  is onc of eight cxpcrin]crrls  schcdu]cd to fly on the 19 I -1

cnmhining  the spacccrtift mass with an accclc]onlctcr  n~casurc-
nlcn I. Specific irnpulsc will be dc(cnnincd  fronl the propellant
mass ftot\I rate and thrust. Iifficicncy will bc derived flom [hc
voltage curl cnt product (power) and tbc thrust da~a. Ilecausc
c] Cctricprcll)Lllsi() llc]cviccs ]lisIoricailyha\rc  been cncun)bc]cd by
groLln(l-fiacilit y errors, cmllparablc  flight data arc nccdcd ([<cf. 3).
“J’hc electric propulsion spaccclaft irr[crfictirms that nmst concern
dcsigncls  arc clccllornagnclic  inlcrfcrcnce  (liMl), plume cum
laminrrlion,  and thcrinal  radiation. Ikmvcvcr,  it is difflcLllt  to
measure plulnc  crmtamination  and JiMl  accLlratcly in ground
facilities bccstusc Ihc \,acuun~ charnbcr walls can grcally  affect
lhcsc lllcasurclncnts.

A higll-power arcjcf operating at hundlccls of arnpcres ofcLlrlcn[
is a potcntia]  soL)rcc for I;MI (Ref. 4). Spacecraft designers can
WOI k aroLnd IiMl, but first they must characlcri~c it, “1’hc 1 iSJiX
antcnna$ will mcawtc  IIMI in the CIIl~-frcq  Llcncy range, which
cm Icsponds 10 s:itcllitc  con~municat ion channels.

lllling life tests of the arcjct,  it was cliscrwctcd  that tL)ngstcrl was
lost from the clcctrrrdcs.  “1’llngslen rcprcscnts a scl ious contanli-
nalion  issLlc for solar antiys  and optics. lIOWCVCI, it is awumcd
that this mass is cjcc[cd away from tbc spacecraft at a vc]ocity
CIOSC to the alcjct  exhaust velocity. liSliX will measure the
dcposi[ion  of tungsten and other contaminants iltlpinging on the

spacecraft to vcr ify this assumption.

‘1’hc arcjct  convcrls approximately 30% of its energy into thrust,
‘1’here’fore, about 70% of the total cnclgy is either condLlctcd to the
spacccraf[ as heat or is test into space (by radiation and frozen
flow losses). Although conducted heat loss can bc rncasurcd on
the g,round, the portion of the cxpcllect energy that is radiatcrt back
to the spacecraft from the arcjct plume cannot easily be nlcasL]rcct
in ground tests. Radiated heat isaffcctcd  by p] Lin)c size and shape,
wrhich is dc[cnnincd  by the backgloLlrKt pressure and vac Llurn-
ch:imbcr gcornctry. 13EX will bc ab]c to measure the amount of
thcrrlial  radiation impinging on the spacecraft during a firing

spaccc]aft,  the Ad\, ar~ccd Rcscarcb and (ilobal Obscrvalirrn  Sat-
ellite  (ARGOS)  (I(igurc  9) in early 1996. ARGOS is rnanagcd by
the Space “1’cst  and l[xpcrimcnt  l>rrrgrallls Offlcc  at the Space and
hlissilc  Systcn~sCcntcr  (SMC). ARGOS is being bLlih by]<crckwc]l
lnrcrnationat  and will bc laLlr~c’tlccl bya I)clral I intoa  460-nautical
mile, 98.74 dcp, irlclinaiirm  orbit (l{cf. 6). in addition to the
mcasurcmcnts that will bc rnadc on board liSIiX, ground crrntrol-
Icrs will bc IIlrrnitor  ing and rccordinp  the AI{(iOS state of health.
in the event that the arcjct ad\crscly  affcc[s Al<GOS, the firing
will bc terminated, 1 Iowcvcr,  bccausc  of ARC) OS’ robust design
and the fact that arcjct opcraticm is not rnissirrn essential, the
1;S1 D( expcr irrlcnt oft’crs little risk to the host satellite.

3..7.? Schdule
II} May 1994, l{SfiX cornplctcd  cwnponcnt  flight qualification
and delivery (I;igurc  l(la).  lntcgratim wascomplctcci  in July, and
harness fabrication was complctcd  in August. Systcln flight
qLtaliflcatior~ began in Scptcmbcr. l)clivcry  to Sh4C fm intcgra-
tirm into AR(WS is schcdLtlcd  for IJcbl uary 199S. ARCWS  is
currcnt]y  schcdLl]cd for launch in ]an Llary 1996 (liigLlrc  lf)b).

4 ‘J’ll It NS’1’AR 1’I{O(;RAM
In 1993, prmnptcd  by a rcqLrcst fron]  the USAl~/1’hillips  1.abm a-
story (llSAl;/I’l,) to participate in the lU. I”J’E program, NASA
i nit iatcd a prog,rarn to validate low-power  irrn propLilsiorl tcchr\ol-
ogy. I’his program, funded jointly by the NASA Offlcc  of Space
Scicncc and Officc  of Space Access and ‘1’cchnology, bccarnc the
NS’I’AR validation program.

l’orNASA, twon~ajorbcncfit scould bc rcalizcdm ~ccthcNS1’Al{
program was complctcd.  I:irst,  for  small-body rcndc~wmrs and
planetary flyby missions, ion propulsion would  allow NASA to
usc IJc]ta-class ]aLlnch vchiclcs  rather than A\la<- or ‘1’itar~-claw
iaLlrK’h vchic]cs. With ion propulsion, the I)clta-class  ]aLlr]ch

vchiclcs  COUld per for[[l  cornpamblc  m even enhanced missions
(l;igLrrc 1 1).
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Figure 11. Comet rendezvous and planetary flyby performance comparison.

Second, using a small ion propulsion systcm with specific in~-
pulsc tcn til~~cs  that ofa chemical syslcm would  improve sigt~ifi-
canfl y the life or performance of large sa[cll ilcs in geosynchro-
nous l{:t[lh  orbit. 1 ‘or mililal y satellites, an on-board iorl propul-
sion syslcm woLlkl incrcasc the Salc]litc’s  ability  to rcimsitirrn
itself without cotnpromising  its on-orbit Ii fctimc;  it would slill
weigh less than the chemical systcm it rcplaccd, which is sired
only for slalion  ficcping  of a large GliO satellite.

Studies show that for each application a single ion propulsion
syslcIIl  is required. ‘J’hc systcm is cotnposcd of a 30-cm ion

thlustcr, operating at a powcrlcvcl of 2.5 kW (input to the power
ploccssor)  with a full-power iifctimc of 8,000” hoLlrs, and a power
proccwing, unit with an efficiency of 92%.

An ion thruster (SCC l:igurc  12 for a schematic view) ionizes a
p]opcllant  (XCIIOD),  accclcratcs the ions through a vollagc  drop

(on the otdcr  of 1,000 V), and ncutrali~cs the clcpar[ing ions with
electrons froln  a ncutrali~cr.  I ,ikc a chemical propulsion systcm,
an ion propulsion systcm has a Ihrustcr and feed systcm and
rcqui~cs a power souicc and power processor to provide the

thrLlstcr wilt)  power at the required l)C vo]tagcs (I;igurc  I 3).

After years of dcvclopmcnt,  the components of an ion propulsion
systcm (ion thrusters, power ploccssors, miniatutc  feed systcrn
colnponcnts,  solar arlays, and distribrrtcd  computer controls) arc

ready for validation and application on a spacecraft. ‘1’hc dcvcl-
Oplncnt of ion propLllsion technology coincides with  efforts to
rcd Llcc the costs of space missions. When deciding, to invest in a

space mission, today all costs including the costs of launch
vchiclcs  and post-launch mission oiwations and data analysis
(MO&l )A) arc ccrnsidcrcd, and ways to rcducc these costs arc a
major consideration. I’his focus on red Llcing COSIS has served to
highlight the benefits of ion propulsion - a tcchnrrlcrgy that can
s}mr(cn mission dLlrat ion, rcd Llcc the costs of MO&I)A,  and allow
spacecraft to be laL)nchcd with smal]cr laLInch vchiclcs, which
woL]kl not bc possib]c if chclnical  plopL]lsioll  akmc were used.

4.1 NASA’s 10II Prwpolsion Verification Program

4.1.1 [hw ~,irw,
Ion propulsion of(crs a way to usc smaller launch vchiclcs and
still reduce trip time for a broad class of planetary missions. At

the same tirnc, ion propLllsion can significantly imprrrvc the
pcrforlnancc  of large commercial and military satellites in
GliO. }Iccausc of the benefits ion propulsion can offer, NASA
initiated the NS’1’AR progratn to valiclatc Iow-power ion propul-
sion tcchnrrlogy.

4. 1.? Plitp[].w
‘1’hc pLlrposc of the hTS”l’AR program is to obtain information that
would  allow a Plojcct  Manager to baseline iotl propulsion for a
spaccc[dft.
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Figure 13. Conceptual block diagram of ion propulsion system.

4. I.3 Ol>jcctit,c.T

I“hc NS’I’AR program will accomplish the following objectives:

.

●

●

✎

Iirstrrc  that ion propulsion technology meets pertinent mission
rcquircmcnts  by basing validation requirements on missions of
inlcrcst,

Validate life, integration, and performance in a ground-test
program.

Measure in-space interactions with the spacecraft and the
surrounding space plasma by flying an ion propulsion cxpcri-
rncnl on a host spacecraft.

Stimulate commercial sources for and uscs of solar-powered
ion propulsion.

4.2 NASA’s Empirical Approach

4.2.1 Valirio!irm Approod
7’o provide the information a Project Manager needs to baseline
ion propulsion on a spacecraft, it is first ncccssary to determine

what information is required. After this information has been
identified, it is then ncccssary to demonstrate empirically that the
hardware can satisfy the rcqrrircrnents.

I“he process for determining NSI’AR  rcquirerncnts was accomp-
lished in two stages. In the first  stage, which continues at a low
level, the user con]munitics  were surveyed to identify each
community’s needs. tJser needs were then ranked and taken as
rcquircmcnts  (Ref. 7).

User-based requirements were then carcfrrlly apportioned to
various tests and cxpcritncnts  that make up the NS1’AR valida-
tion progranl.  The major rcquircmcnts  are shown in ‘l’able 3, in
which each user requirement cor!csponds to an NS’I’AR test or
cxpcrirnent addressing that rcquircrrmnt. I“hc tests that comprise
the ground-test elerncnt foeus on the key issues that must be
considered in any application of electric propulsion. Ilre ground
tcsl will deterlllinc  the following:

.

●

Demonstrate service life including the rnodcling  ncccssary so
that the data taken during life testing can be applied to a
spcctrurn of missions,

Ikmonstrate  performance (power handling, thermodynamic
cfficicncy,  specific irnpulsc),  and
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●  l>cnmnslratc  inlcg,rabi]ity, i.e., the ground n~casurcmcnt  of
liMl and plrrmc effects.

‘1’hc in-space cxpcrimcnts  address kcy issrrcs  that can only bc
dclcrmincd  in space. ‘1’hc in-space experiments will accmnplish
the following,:”

.

.

.

Mcawrc  c}ircci cft’ccts (e.g., contaminant ion, IiMl)on the spacc-
ctaft and sunounding  space plasma,

Measure indirect cflccts  that inflrrcncc the cost of clcc(ric
propulsion missions (e.g., grridancc, navigation, and contlol
(GN&C)  iirrd MO&l)A), and

lktcrruinc w,hclhcr data taken during ground tcsls accurately
rcp]icatc the data ob[aincd dLlring in-space rrpcration.

‘1’hc NS’1’Aft program is cxecutcd jointly by the 1.cwis Research
Center (1 s1<C) and the Jet Propulsion 1.ribor atcrry,  taking advan-
t[i~c of the best expcricrrcc, facililics,  and cxpcrtisc availahlc
within NASA. I,cl<[’  is responsible forpro\iding the ion thrust-
ers and prrwcr processing units for the groun[l-test clcmcnt and for
the iwspacc cxpcrimcnt. JPI .managcs the progranl rrnd is rcspon-
sib]c for dcvclopinpi progtirrl~ rcqrrircnlcnts, lhc xenon feed
sys(cnl, and the in.space diagnostics,

‘1’hc validation tests sbrrv.m in ‘1’able 3 incluclc grouncl-hascd tests
that will dctcrminc  ion engine life and pcrfm mancc and will
nlcasurc ptumc transmissibility and IiMl. ‘1’hc in-space c~pcri -
rncnt wi]l  nlcasLlrcthc cffcctscrf ion prupulsirrn on a Spacecraft as

WCII as cm t}lc hosl spacecraft and the surl-oLlnding space plasma.
‘1’hc in-space cxpcrimcnt  will also assess the ability of gioun(l
test ing, toreplicatc the d:ita rrbtaincd cluring rrpcration in space. ln-
spacc opcrtition  will further clcnmnstratc the capahitity  to inte-
grate and operate an ion propulsion systcrn.

QJ ..] .sctllddl~e
l;ig, urc 14 shows a schcdulc for ttrc two parallel clcrncnts: ii
gruLln&tcst clcmcnt an(i an iwspacc cxpcrimcnt  clcmcnt.

<.&2 [ir(~~lrj(l~1~~~J_~@lc4
ln the ground-test clcrncnt, the first parallel element, Iifctirnc  an(i
pcrfonnancc  of Iilc systcin will bc dclnonstratc(i, and data ncccs-
sriry, for integration of tile ion ploputsirm  systclll \\,ill  bc collcctcd
for phm~c ciivcrgcncc, plurnc transrnissibili[y,  an(i liM1.

‘1’hc grouncl-lest cicmcnt is cornprrscd of foLlr main lcsts an(i
scvcmi supporting test series. ‘1’hrcc cnginccring  rrmdc] thrusters
and two blca(iboard power processors wiil bc USLXI  in the test
profmrn.

“Ihc first cnginccring  ruo(icl thl ustcr  m,ili bc used in a 2,0(0hour
tcsr toconfirln whcthcrthc  life-limitin~ mcchanislns, principally
erosion of the accc]crator grid by charge-cxchan.gc ions, arc the
same [is those observed in piis[ vcrsionsof  the 30-cn~ ion thruster.
l;Llrthcrmorc, this test shouki provide the most accLlrNc n~casurc-
mcnt to ciatc of the wear-rrut rates associated with the various

wear-mrt mechanisms, lJpm~ cmnplction  of the 2,0 M-hrrur  test,
the thrus[cr will bc rcfurhishcd an(i then subjcctcci to a series of
cnvironnmntal quzilification Icsts; these tests will serve as prccur-

T able 3. Summary of NS_f AR validation requirements.

NS’I’AR ‘1’cst I’lanncd
Rcquircmcnt Ad(ircssing ‘J’cstr’lixpc ritncnt

Rcquircmcnt IXitc
— — .

Thruster Iifctimc  of 8,000 h! witi}  (icnwnstratccl margin of 50% l.ifc Vali(iatirsn ‘1’csl 199(, ]997

‘I”hrustcr cyclic life equivalent to 15-years station keeping, and 2 rcpositicrns  pcr year Cyclic I ,ifc “1’cst ] 996

AsscssmcnI of wear-orrt n]cci~anisrns an(i cictcrmination of their rates Cyclic 1 .ifc “1’cst ] 996

1 .ifc Vali(lat  ion “1’cst ] 99(, ] 997

l’owcr  processor efficiency of 92% at rna~imum power Cyclic 1 ,ifc ‘1’cst ] 996

l.ifc Validation ‘1’cst 1996 1997
.—.

IJcmrrilstlation  of ion propLrlsirm systclil integration wi[h  host spacecraft Systcm lntcgralirrn 1998

(’ommcrcial  SOUICC for ion propulsion flight cxpcr imcnt lklivcry and 1999

integration of }~light
‘1’hrustcr anti Pcrwcr

l’roccsscrr

McasLlrcnlcnts of in-space performance of ion propulsion  systcm and comparison In-Space lixpcrimcnt 1999 2000

to groun(i test results

McasLlrcnlcnts of ion propulsion systcm  interactions with hos[ spacecraft and in-Space lixpcrimcnt 19992000
sunoun(iing  space plasrr~a (cmltarnination,  I{ Ml, colllrllLlrlicalic>l~s, etc.)

Asscsstncnt of impacts of ion propulsion on GN&C  and MCMJI)A 1’0s1 lrl-Space 2000
lixpcrimcnt

.-. _
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Figure 14. NS1 AR activity schedule.

sors  to a similar series of tests that will be conrtuc[cd cm a
promflight  throster.

‘1’hc second crrginccring model thrrrstcr and the first breadboard
power processor will be srrbjcctcd to a test designed to sirnulatc
a thruster pcrfonnirrg station keeping and repositioning for a
satellite in gcosynchrrmous  orbit. “l’his test will bc ccrnduc[cd at
full power for a duration of 5,700 hours and a total of S,000 ord
off cyc]cs. At spcciflc points dLlring the tcsl series, approximately
once each month, the thruster’s performance over its entire
throttling range will bc tested.

I’hc  third cnginccrirrg model thruster and the second breadboard
power processor will bc used in the I.ifc Validation l’cst,  a long-
duration test to validate that the scrvicc  Iifc of the systcrn  is more
than 8,000 hours. I?ris test requires a rninimrrrn of 12,000 hours
that will demonstrate a 50% margin relative to the desired ?@OO-
hour service life.1’hc full 2.5-kWinput  powcrwill bc used forthc
duration of the test, except when periodic rncasurcmcnts of
performance at throttled conditions arc pcrforrncd,  which will bc
approximately once per week. T’hc validation of thrrrstcr life will
bc considered successful after 12,000 hours have been dcnlon-
stratcd. Ttrc tes[ will continue until the thruster ceases to pcrforrn
acceptably, thereby providing additional data for life assessment
and failure analysis.

C)nc of the principal objectives of these tests, besiclcs verifying
pcrfonnancc  and demonstrating acceptable life, is identifying all

significant life-lirniting proccsscs  and quantitatively rncasrrrin~
the pertinent rates associated with each process.

4,2.1,3 In-$&@Wqr!
I’hc  second parallel clcmcnt is the in-space expcrirncnt, in which
the interaction of the ion propulsion systcrn  with the host space-
craft and the sunoundirrg space plasma wilt bc investigated and
quantified. I’hc ion propulsion experiment was designed as part
of the USAITf’RW  Ii] .I”l”li spacecraft. An artist’s conception of
the in-space configuration of the cxpcrirncnt is shown in }iig-
urc 15.

I’hc  in-space clcmcnt is intended to accomplish several objec-
tives. Ttrc first objective is to demonstrate in-space performance
and capabilities of ion propulsion. Ttrc rncasurerncnts taken
during the course of the in-space experiment will quantify the
direct effects of ion propulsion on the host spacecraft and the
surrounding space plasma, lndircct  impacts of ion propulsion will
also be assessed. lndircct  impacts inclrrdc changes to spacecraft
integration activities –- as compared to chcrnical propulsion —-
changcs in the conduct and execution of guidance, navigation,
and spacecraft control, changes in the planning, training, and
conduct of MO&DA, and changes in the scheduling of other
spacecraft activities.

The direct rncasurcmcnts taken in orbit will inclrrdc

. Contamination, particularly of optical and cooled surfaces,
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Figure 15. ELITE spacecraft with NS_f AR ion propulsion experiment.

●

✎

●

(’cllllllltlrlic:ilic)lls,  particularly of transmission throL]gh tbc
plunw  of tbc ion engine,

I lMI, particularly steady-state and traf~sicl~t-il}clucc(l magnetic
iind electric flclds,  find

l;lfccls of lhc ion propulsion systcm on the clcclric  and nlag-
nctic  plopcrlics  of Ihc  surloumling  s p a c e  p l a s m a ,  }’arlicular

at[cnt ion  will bc paid to obtaining data ncccssary to awcss the
cflicl of an ion propulsion systctn cm inlcrplanctary  flcld and
pal[iclcs  mcasulcmcnts.

‘1’hc physical nwasLlretncnts that will accomplish the clircct n]ca-
su[c[l]cnts arc dcscribcd  in “1’able 4.

Mc:isurcmcnts  taken during opclation  of tbc ion tbrLlstcr in
g,roancl tcs[ing will bc ccrtnparcd with data oblaincd  dLlring in-
sp:icc operation. }krl  example, an irltcgralion  of feed systct  Tl
ptcssu]c data con] bincd with careful tracking of the spacecraft
will enable rcsctilchcrs to cstinlatc  thrus[cr  pctfonnancc.  Power
and tbcrn);il  n)casurcrncnts will allow pmvcr conversion cffl -
cicncy to bc dctcrlnincd,  Such gross n~casurcrncnts  arc irnpor-tant
to confitln tbc adccluacy of mcasurcmcnls taken during ground
testing.

Also in~pm[ant arc mcasurcrncnts  of parameters that arc suppos-
cd]y infl Llcnccd by the hard vacuum of space, such as accelerator
p,lid irnpingcnlcnt  Cuncnt. “i’hc behavior of these phrwnctcrs as
a function of thruster-crpcrating condition and ciuratirrn will bc
sludicd carefully.

After tbc nlissirrn, indirect irnpacls will bc awcsscd bycxan~ining
the chan~,c in the costs iind dcgrcc of difficLllty  caLlscd by
incorporating ion propL]lsion on spacecraft intcglation  and sys-
tcn~ test, C,N&C,  M(Nkl~A,  and scheduling.

“1’hc it]-space clcrncnt will address the plogratr]’s  objcctivc  to
stinlLllatc Corlln)crcial srrurccs for and rrscs of ion propulsion. I;or
all g,ovcrnmcnt Lrscrs,  this objcctivc  is impor[ant  for several
reasons. 1 f no cornrncr-cial srrLlrcc of ion propulsion tcchnolog,y is
avail ab]c, then ion proi>Lllsion technology cannot bc incorpomtcd
on govcrllmcnl  spacecraft. If a commercial source exists but no
cornrncrcial Llscsofthc tcchno]ogy arc n~adc,thc  nthccost so fthis
tcc}lnology  totbc  govcrnrncnt  would bc significantly grcatcr than
woul(i  bc lhc case v,crc conlrncrcial  users available.

‘1’hc tv.,o flight ion Ibr ustcls and the two flight power processors
will bc pLrrchascd from a conllncrcial  srrurcc. Wc expect that the
cornrncrcial  source will participate in NASA’s groun+tcst clc-
rncnt. ‘l’his participation should provide NASA’s industrial part-
ner with the krmwlcdgc  and hands-on cxpcr icncc  nccdcd to

cont inue  the  technica l  cvo]ution  of the ion propulsion systcrn

after hTS’l’AR is complctcd.  NASA woLrl(l then tLlri} its attcntirm
to tbc next generation of propulsion cquipmcnl,  just as it did
fcr]lowing  the sLlcccssful  infusion of the hydra~inc arcjct into the
commercial space sector in 1993.

fl.., 1,4 l;un<lit~g
‘1’hc funding profrlc  plzinrrcd for the NS’1’AR validation program
is shown in }:igurc  16. “1’hcsc funds arc equally split bctwccn the
ground-test porrion  of tbc program and the in-space portion ancl
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Table  4. In-space diagnostics measurements for the NS1 AF{ space experiment.
—.

lnslrunlcnt }iMl Plasma or Spacecraft Plume Corllll]lltlicatic)rl Contamination Radiatirr
——

lllcc!ric }:icld  Antenna /

1 .angmuir PJobc 4 4

Spacccrafl Polenlial  l’lobe d

]ntcrnal l)ischargc  hfcmitor /

Solar An ay Cur!cnt  Collectors d /

hfagtlc(otnctc! d

Mass Spcc[romctcr /

SGI ,S Omni Antenna /

X-hand ‘1’ransn]itlcr/kcccivcr d

(Juar(z crystal  Microbalancc 4

C’alorinlctcr 4

[)ptical  liffccts  M o n i t o r 4

Solar l’hotovoltaics d 4

l{adiation  M o n i t o r d

hlicroclcctlonics 4
-—

10,000 ———1 r“--l—-T”--–-”T-T”-

FY’99FY’93 FY’9LI FY’95 FY’96 t=Y’97 FY’98

r=:m:l:m~-m.:~--~:=-r-~z=~-.=  ‘I
Total Funding = $33.8 M

Figure 16. Funding profile.

include a nmninal allowanccforthc  integration ofthc NS’1’AR in-
spacc cxpcrin]cnt  onto the host spacecraft. “1’hcsc  cxpcnditurcs do
nw include the cost of civil service pcrsrrnncl from 1.cI<C, who
supporl NS’1’AR, nor do they include the cost of the solar arlay,
which it is assrrmcd will bc plovidcd  with the host spacecraft.

4.3 Status  of NS’J’AR  ‘J’ccbnology  Validation Program

4.3.1 Ground-7 ksl )’rogrm
‘1’hc p,roun(l-test clcn~cnt of the NS”l’AR validation program has
been under way since late 1993, when lcsting of the functional

model thruster was begun. l’hc purpose of this test was to provide
data tha[ would verify a design in which the n)ass of the ion
thrustcrisrcduccd  to7 kg, making it nvmcploduciblc  .1’hcsc tests
were succcssfrrlly complctccl cady in 1994 and scrvcct  as a
prccursrrr to the subscclucnt fabrication and testing of the first
cnginccring  mrxicl thr Llstcr.

I;igurc  17 shows this 30-cn] thruster installed in the test facility
prim to the test. ligurc 18 shows the ncutrali~.cr installed on the
thruster prim to the test. “1’hc  prcparaticm of the ] IR(~  15-foot-
dianlctcr-by-(,c)  -foot vacLlutn chamber is shown in liigurc  19. At
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the bot[onl  of the figure, the inlets for the diffusion pumps can bc
seen. l~ip, Llrc 20 shows a hollow cathode before it was installed on
[hc first cnginccring  model thruster. I’hc hi@-voltage isolatm
LIscd on the main calbodc feed ]inc is shown in ]~igurc 21, alKl the
feed systcm flow ccrntrcrllcrs  installed outside the vacuum chanl-
bcr alc shown in I;igurc  22.

On June 23, 1994, the 2,00( -hmrr test for the first cnginccring
moclcl thrLlstcrbcgan ancl iscontinuingat  thctirncoft}~is  mcctin R.
Iltringtcsting, arnalfunction inthc  facility powcl  supply rcsultcd

in a hiatus of several weeks; this occuncd  aflcr  fi70 hoLlrs of the
test had been complctcd  without incident. ‘1’hc purpose of the test
was toconfirln earlier work that identified wear-out rncchanistns
and to quantify the rates associated wit}) those rncchanisms.
P1clin~inary cxaruination  of the da[a fronl  the 2,000-hour test
confirms that t}lc principal wear-orrt rrlcchanistl) is the erosion of
the accelerator gl id by charge-cxchangc ions, indicating that the
cxpcc[cd life of the thruster is comfortably in cxccss  of the 12,(K)O
hours required to dcrnonstratc an 8,000-hour scrvicc life.

F iqrre  17. Engineering model thruster-1 in place for
2,000-hour wear test.

Figure 19. Vacuum test facility.

Figure 18. Engineering model thruster-2 showing
neutralizer.

Figure 20. Hollow cathodes used for main discharge
(left) and neutralizer.

Figure 21. High-voltage isolator with metal box cover
(shown in Figure 18) removed.

Figure 2?. Facility xenon flow-control system mounted
adjacent to and outside of the vacuum chamber.
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“1’hc second cnginccring  mrxlcl  thruster is being fabricated, and

Ihc ftrst blcadboard power ptoccssor is nearing cmnplction  anti
s}mLIkl be ready for I}lc I’hrustcr  Cycling ‘f’cst planned fcu April
] ~~5. ‘l,hc fjrst Coginccril}g I)](s(IcI thrus[cr M,ill bc refurbished and

used for sinlLllatcd environmental qualiflcatirm  tests, verifying
the abili[y  of the future flight thruster 10 withstand the rigors of the
plotoflight qLlalification  program.

4.3.? jl[)sl  .Y[)(rcccr’o@

I iat Iy in 1994, the cooperative parh]crship  bclwccn  ‘1’RW, inc.
and the lJSAIWhillips  1.aboratory that was to ~csult in the Iil .1’1’11
program was Cffcclivcly  Cll(kd due 10 cLlts in U.S. defense

spending. with  it, the initial impetus for the validation of ion
propulsion technology using a hrrs[ spacecraft for the imspace

expel-imcnt clement also ended. 1 lov.’cver, NASA believed the
bcneflts of validating low-power ion plopLllsiml  technology
for futLlrc government ancl cornmc[cial  missions wctc significant
and decided to continue the NS’1’AR validation progtanl  and to
redoLiblc efforts to find a host spacecraft that wrrLIki sLlpport
the ion propLllsirm cxpcrimcnt. As of this writing several
oppm[unities have been idcntifled,  both wi[h the USAI: and
NASA. }’resent plannins  has focused on the first  or second
integrated Space “1’cchno]ogy }:lig}It (lS’l’l:) planned by lJSA1’/
Phillips 1 .abordtory.

5 (: ON{:1NS1ONS
● ‘J’ypically, the number of arcjct spacecraft mancuvcls arc 110

2 tinles that of chemical propLllsiml, and ion engine nlancLlvcrs
arc 2 to ] O times the nLmlbcr provided by chemical propLl]sion
for the range of spacecraft masses and powers ccnrsidcrccl  here.

. I’OWCI rcquirc!ncnts  for the ion propulsion arc g,rcatcr than that
for the arcjct, bLlt not much greater for spacecraft IIlancavcrs up
to 1 (t dcg/day. I’hcrcforc,  ion propLllsion is the best choice
\\,hcn the mission priority is to increase the nun]ber of space-
craft nmncuvcrs at moderate nmncuvcI  rates.

litcs in (il O, for botbcivilian  and military USC, by rcducinF the
mass required for on-trrbil  station keeping and rcpmitioning.

. Successful cmnplc[imr  of the NS”l’AR validation program \vill
si21~ifical~tly ir~~prc)vc thcpcrf()rll~ar~ ccof  NIASA's s1l~allctJl~~ct
rcndczvcms  and planct:iry  flyby  missions.

. StlCCCSSfLl]  Colll@Ctj(M)  of thC NS’1’A}{ Validation Progl:il]l  Wi!l

result in the dcvclopmcnt  of a conlmcrcial  soLIIcc for ion
propulsion flight cquipnlcnt,

6 AC KNO\Yl,ltl)(;hl  liNrl’
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